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Anoretic response to PFDA
Ve have made several observations which suggest a possible mechanism for the

anoretic effect of PFDM. in rats fasted overnight PFD-treatment produced a dose-related
increase in blood glucose which was significantly greater than control 24 hours after
dosing (Table 1). The activation of hepatic vagal afferents by increased blood glucose7
and the detection of high blood glucose levels by glucose-sensitive fibers in the LJI9
and/or ventral medial hypothalamus14 could initiate mechanisms to reduce blood glucose.
One of these mechanisms is decreased food intake. The observation that T4-treatment
Increased fasted blood glucose levels (Table 1) but did not reduce food consumption
would appear to be evidence against this hypothesis. In fact T4 pretreatment inhibited
the anoretic response to PFDA (Figure 1). This is not inconsistent with the hypothesis
If-one considers the role of thyroid releasing hormone (TRH) in the hypothalamic
modulation of feeding behavior. PFDA has been shown to rapidly and dramatically reduce
serum thyroxine levels which results in a reflex increase in thyroid stimulating hormone
(TSHI1 and perhaps also TRH secretionl. Treating PFDA-dosed rats with T4 may restore
the Inhibition of TRHI secretion. This suggests that if they are separate mechanisms the
central TRH phenomenon can override the peripheral hyperglycemic signal transmitted via
hepatic vagal afferents to the hypothalamus or If they are parts of the same mechanism
the site of the TRH effect is beyond that of hepatic vagal input.
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with recognition of the important role of the ventral medial nucleus of the
hypothalamus in feeding behavior we conducted a pilot study designed to examine the ____

effect of lesioning of this area on PFDA-induced anorexia. Systemic administration of
the glucose analog gold thioglucose produces brain lesions which are localized to the Coeventral medial nucleus. Rats were fasted for 24 hours prior to receiving a single dose C/odeof 12.0 mg/kg gold thioglucose (GIM). The animals were allowed to recover from the GIM
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for 7 days at which time half of the animals received a single 75 mg/kg dose of PFDA and
the remaining animals received propylene glycol. Food consumption and body weight
changes were monitored for a period of 30 days. The average daily food consumption over
the first eight days following PFDA treatment was greater in the GT; pretreated rats
than in the rats treated with PFDA alone (Figure 2). During this period the GTG plus
PFDA treated rats lost less body weight than rats treated with PFDA alone although the
difference was not significant. The animals were observed for an additional 30 days at
which time they were sacrificed and serum levels of T3 and T4 were examined. The effect
of PPMR alone on T4 was still present 60 days after exposure while the effect on T3
showed recovery. GTG treatment alone produced increased T4 levels with no apparent
change in T3 while GTG treatment prior to PFDA prevented the long-lasting fall in T4
seen with PFDA alone. These preliminary data suggest that GTG lesions of the ventral
medial hypothalamus can partially prevent the anoretic response to PFDA but are
ineffective at preventing the body weight loss. In addition GTG pretreatment prevents
or reverses the long-lasting fall in thyroxine produced by PFDA.
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Figure 2 Effect of gold thioglucose (GTG) on
body weight (*) and food consumption (C)
responses to PFDA. GT6, ns2; 6T + PFDA, n-3.

Fatty acid oxidation by the liver can also reduce food intake by acting via hepatic
vagal afferents to the hypothalamus.3 This is most apparent during periods of high
lipid metabolism.17 PF1R-treatment alters mechanisms that affect the composition and/or
metabolism of fatty acids in the liver and heart. ye have observed changes in the
relative percentages of several fatty acids in heart homogenates 12 and similar effects
have been reported in liver homogenates6 from PFD1-treated rats. In addition, several
investigators have reported proliferation of liver peroxisomes important extramito-
chandrial sites of fatty acid oxidation and a 20-40 fold increase in fatty acyl CoA
enzyme activity in rats treated with PFDA. These observations relate to the hypothesis
of Scharrer and Langhans17 concerning alterations in fatty acid oxidation leading to
changes in the production of reducing equivalents and their effect on food intake.
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We observed significantly greater weight loss in PFDA-treated rats than in pair-
fed control rats. 4  our results are similar to those reported by Olson and Andersen. 8

These data inidicate that the wasting syndrome cannot be entirely explained by the lack
of food intake. Additionally we observed a precipitous fall in serum thyroxine as early
as 12 hours following PFDa. 4 A more detailed examination of the effects of PF1DA on the
thyroid system has led to a number of observations. The early experiments suggested

that a hypothyroid-like state resulted from PFDA-treatment. PFDA-induced decreases in

serum thyroid hormones, anorexia, bradycardia, and hypothermia
4 as well as alterations

of myocardial beta-receptor binding characteristics and decreased adenylate cyclase

activation by catecholamines1 1 ,1 2 led to the tentative conclusion that many of the toxic

effects of PFDA could be explained by a chemically induced hypothyroidism. Experiments

employing T4-supplementation suggests that the toxicity is more complex. Rats were

treated with thyroxine (200 mg/kg) for 10 days, dosed with PFDA on the eleventh day and
sacrificed 14 days after PFDA treatment. Thyroxine supplementation was continued
through the day prior to sacrifice. The liver enzymes c-glycerolphosphate dehydro-
genase (GPD) and malic enzyme (ME) were measured one, seven, and 14 days after PFDA in
order to evaluate the thyroid state of the animals at the tissue level. Glycerol-

phosphate dehydrogenase is involved in shuttling reducing equivalents from cytosolic
MADH into the mitochondrial electron transport chain6 and malic enzyme is involved in
lipogenesis and saturation and elongation of fatty acids.6 The activity of both enzymes
Is increased in hyperthyroidism,1 0 and decreased in hypothyroidism.16 In our
experiments the activity of both enzymes was significantly elevated by PFDA as early as

24 hours after treatment and remained elevated at 7, and 14 days after treatment (Table
2). Rats treated for 10 days with T4 prior to receiving PFDA had enzyme activities
which were greater than either treatment alone at most time points. The effects on
glycerolphosphate dehydrogenase appear to be additive while the effects on malic enzyme
are supra-additive at 7 and 14 days. These data are difficult to interpret in terms of
the thyroid state of the animals since the results are opposite to what would be expected
If PFDA produces a true hypothyroidism. The observations are significant in view of the
PFDA-induced starvation syndrome. Starvation normally leads to a mobilization of fatty
acids as metabolic fuels for energy production. 5 Consistent with PFDA-induced
starvation Pilcher et al. 13 reported increased capacity for hepatic fatty acid oxidation
through activation of a peroxisomal pathway at 2 and 8 days after PFDA. However,
Kelling et al. 2 reported increases in the activities of glucose-6-phosphate
dehydrogenase, 6-phosphogluconate dehydrogenase, and malic enzyme 7 days following PFDA
treatment. The activities of these enzymes provide most of the NADPH required for fatty
acid biosynthesis.5  These data indicate that the capacity for fatty acid metabolism is
enhanced either directly or secondary to starvation and paradoxically the capacity for
fatty acid biosynthesis is also increased by PFDA treatment. The latter is an
inappropriate response and supports the hypothesis that the generation and/or
interpretation of internal signals concerning metabolic status are confused in
PFDA-treated animals.
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The most significant results of similar experiments carried out for 30 days were
the observations that T4 supplementation had differential effects on anorexia, body
wasting and hypothermia. Thyroxine supplementation completely prevented the PFDA-induced
anorexia (Figure 1) but had no effect on the wasting syndrome (Figure 3) or the hypo-
thermia (Figure 4). These results suggested to us that critical metabolic processes
associated with energy production (and maintenance of body mass) as well as thermogenesis
were severely altered by this halogenated chemical. Because these processes are
dependent on normal mitochondrial function many of the earlier observations which we
ascribed to a PFDA-induced hypothyroidism can be interpreted in terms of time dependent
alterations of cellular metabolic processes most likely in mitochondria.
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In the early stages of starvation body proteins are broken down for gluconeo- V
genesis in order to provide glucose for brain metabolism. In long-term starvation in
addition to metabolizing glucose the brain adapts for metabolism of ketone bodies
especially 0-hydroxybutyrate in order to spare body proteins.5 The PFDA-induced
disruption of mitochondrial function would lead to a number of responses that could
account for some of the observations that we have made. The mobilization of fatty acids N
as a result of starvation causes proliferation of peroxisomes as an extramitochondrial V
pathway for metabolism. A major portion of the acetyl Co A formed in the cytosol from
this process is converted to acetoacetate because of slowing of the Krebs Cycle at the
succinate dehydrogenase step. In addition, hydroxybutyrate formation from acetoacetate
is Inhibited by PFDA-induced alterations of mitochondrial function so that brain
activity continues to rely on glucose supplied by gluconeogenesis from amino acids as aresult of further breakdown of body proteins stimulated in part by glucocorticoids.

The high level of KADH formed in the cytosol by peroxisomal fatty acid oxidation
may account for the paradoxical increase in glycerolphosphate dehydrogenase activity
that we observed (Table 2). This may be a compensitory mechanism attempting to shuttle
the additional reducing equivalents into mitochondria. 1Y.

A possible conclusion based on the interpretation of these data is that PFDA alters
biochemical processes at the cellular level which produces confused messages concerning
metabolic status leading to anorexia and metabolic inefficiency resulting in severe body
wasting and hypothermia.
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THYROID, BRADYCARDIC AND HYPOTHERMIC EFFECTS
OF PERFLUORO-n-DECANOIC ACID IN RATS

Albert E. Langley, Gary D. Pilcher

Department of Pharmacology and Toxicology,
Wright State University, Dayton, Ohio ih"

A single ip injection ofperfluoro-n-decanoic acid (PFDA) to male Wistar rats resulted in
an initially rapid, then gradual decrease in food consumption and a parallel loss of body
weight. Body temperatures and resting heart rates were significantly depressed by PFDA
treatment. As early as 12 h following a single dose of PFDA, serum thyroxine (Tj) levels
were significantly reduced and remained depressed throughout the 8 day study. Serum
triiodothyronine (T) was reduced by 35% 12 h following PFDA treatment and remained
at that level throughout the study. These preliminary data suggest that an action on the
thyroid axis may be an early primary response to PFDA and that some of the observed
subsequent effects may in part be secondary to the change in thyroid hormone levels.

INTRODUCTION

Perfluoro-n-decanoic acid (PFDA) is a member of a family of
perfluorocarboxylic acids that are used in a variety of industrial applica-
tions. These include film-forming foams for fire extinguishants, wetting
agents, corrosion inhibitors, and for electroplating (Olson, 1983). They
have also been used to impart water and oil resistance to leather, certain
fabrics, and food wrapping paper (Rozner, 1980).

There have been reports of human exposure to perfluorinated car-
boxylic acids primarily in workers in fluorochemical plants (Ubel et al.,
1980). The study demonstrated that these compounds persisted in the
body long after exposure had been discontinued. While no apparent
toxicities were reported with these acute exposures, the persistent
nature of this class of chemicals may produce long-term effects.

Toxicity has been reported in laboratory animals, especially the rat.
The gross toxicity produced by PFDA includes hypophagia, dramatic
weight loss, and delayed lethality. The LD50 in male Fisher-344 rats was
64 mg/kg (Olsen 1983). The LD50 in male Wistar rats is around 75 mg/kg
(M. E. Andersen, personal communication). The acute gross toxicity of
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is also characterized by
hypophagia, dramatic weight loss, and a delayed lethality (Seefeld and

This work was supported by a grant from the Air Force Office of Scientific Research,
AFOSR-82-0264.

Requests for reprints should be sent to A. E. Langley, Department of Pharmacology and Toxi-
cology, Wright State University, Dayton, Ohio 45435.
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Peterson, 1982). Recently, Potter et al. (1983) showed that TCDD treat-
ment produced a significant reduction in body temperature and a
decrease in serum thyroxine (T4) levels. Because of the similarity in the
gross toxicity of PFDA to that of TCDD (Andersen, 1981), it was of inter-
est to investigate the effect of PFDA on body temperature and serum
thyroid hormone levels. In addition, the effect of PFDA on resting heart
rate was also measured.

METHODS

Groups of male Wistar rats (200-250 g) were obtained from Harlan
Industries and maintained in a constant-temperature environment
(23.3 0C, range 22.1-24.40 C) for 6 d prior to use. PFDA-treated animals
received a single 75-mg/kg ip injection of PFDA in propylene glycol.
One group of 30 rats was treated with PFDA at 5:00 p.m. on d 0, and daily
food consumption and body weights were recorded over a period of 8
d. At 1 d after the PFDA-treated rats were dosed, a group of 30 weight-
matched control rats was injected with propylene glycol at 5:00 p.m.,
pair-fed to the PFDA-treated group, and body weights were recorded. A
group of 8 rats fed ad libitum were injected with propylene glycol at 5:00
p.m. on d 0 and their food consumption and body weights recorded for
8 d. All animals were weighed between 4:00 and 5:00 p.m. daily and then
offered food. At different intervals beginning 12 h after dosing (5:00
a.m.), five rats (PFDA-treated or pair-fed) were sacrificed by decapitation
and blood was collected in centrifuge tubes on ice, allowed to coagu-
late, and centrifuged at 3000xg for 10 min. The serum was stored at
-20'C for triiodothyronine (T3) and T4 determinations. Ad libitum con-
trol rats were also sacrificed on d 0, 1, and 2 for determination of serum
T3 and T4.

Rectal body temperatures were recorded at 2:00 p.m. daily for 8 d in
a group of 17 PFDA-treated, 17 pair-fed control rats, and 8 ad libitum
controls. A rectal thermometer was inserted to a depth of 3 cm, and the
temperature was recorded on a Yellow Springs Instrument Company
telethermometer.

Separate groups of eight PFDA-treated and eight pair-fed control rats
were used to determine heart rates. Between 4:00 and 5:00 p.m. on
alternate days beginning 2 d after dosing, the rats were lightly anes- 4
thetized with ether and needle electrodes were inserted under the skin
of both front limbs and the right hind limb. The electrodes were con-
nected to an ECG/Biotach Amplifier on a Gould 2400 Physiological
recorder, and lead I of the electrocardiogram and instantaneous heart
rate were recorded. Stable periods of heart rate recorded as the animals
were beginning to emerge from the anesthesia were reported.

Total T4 and total T3 were determined by radioimmunoassay using
assay tubes coated with antibody to T4 or T3 (Diagnostic Products Corpo-

INI
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ration, Los Angeles, Calif.). Concentrations of PFDA up to 100/jg/ml did
not interfere with the radioimmunoassays for either T4 or T3.

All animals were handled in identical fashion and were fasted for 24 h
prior to sacrifice. When sacrifice of PFDA-treated and control rats
occurred on the same day, the sacrifice routine was randomized.

An analysis of variance (ANOVA) was carried out on the data to
determine statistical differences among the groups. A Duncan's multiple
range test was used to determine significant differences at the 0.05 level
between pair-fed controls and PFDA-treated rats.

RESULTS

Food consumption decreased rapidly in the first 24 h and tapered
gradually to 0 g/d by d 8 (Fig. 1). Body weights of the PFDA-treated rats
fell from a pretreatment average of 250 g to 160 g at 8 days following
PFDA treatment (Fig. 2). The pair-fed group of rats showed a similar
weight loss with final weights around 190 g (Fig. 2).

One day following treatment the body temperatures of PFDA-dosed
rats were significantly higher than pair-fed controls. Beginning on d 3
and continuing through the end of the study, the body temperatures of
PFDA-treated rats were significantly lower than the body temperatures
of pair-fed control rats (Fig. 3).
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FIGURE 2. The effect of PeDA (Of and food restriction (pair-feeding, C on body weights of rats.Each point represents the mean SEM of a variable number of animals. Refer to legend of Fig. 1 for
details. Ad libitum controls 01, n -- 8.

Food restriction in the pair-fed controls did not alter resting heart
rates. PFDA-treated rats showed a progressively lower resting heart rate
with time after dosing. By d 6 the recorded heart rates were significantly
lower in the PFDA-treated rats than in pair-fed controls (Fig. 4).

As early as 12 h following dosing with PFDA, serum thyroxine (T4)
levels were significantly reduced compared to pair-fed controls (Fig. 5).
Serum T4 levels continued to fall reaching a minimum value by d 2 and
continuing at that level through d 8. Serum T4 levels were significantly
lower than pair-fed controls at all tested times.

Tim (Days Following Tre nteritnit)

FIGURE 3. The effect of PFDA 4. n = 17) and pair-feeding ( " , n = 17ion rectal bods temperatures of
rats. ., significantly lower than pair-fed controls, p 0.05, significantl higher than pair-ted

controls, p 0.05; C, ad libitum controls. n 8.
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2 T

Time (Days Following Trootmnft)

FIGURE 4. The effect of PFDA (0, n = 8) and pair-feeding (C, n = 8) on resting heart rates in rats.
Controls, iO, n = 16). .Significantly less than pair-fed control, p < .05.

Serum triiodothyronine (T3) showed a similar but less dramatic
response to PFDA treatment (Fig. 6). By 12 h, circulating levels of T3 were
reduced by about 35% in PFDA-treated rats compared to pair-fed con-
trols (72 versus 110 ng/dl). Serum T3 values remained reasonably con-
stant until d 8, when they fell to 50 ng/dl. Serum T3 values were signifi-
cantly lower than pair-fed controls only at 12 h, 1 d, and 2 d.

DISCUSSION

A single ip injection of PFDA (75 mg/kg) produced hypophagia and
dramatic weight loss similar in magnitude but with a shorter time course
than that previously reported with PFDA at 50 mg/kg (Olson and
Andersen, 1983). Food restriction by pair-feeding a group of control rats
produced a similar weight loss.

Significant decreases in body temperatures and heart rates occurred
in the PFDA-treated rats when compared with pair-fed controls. The
data suggest that PFDA may be affecting basic endogenous mechanisms

8

. 4,
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0 05 1 2 4 6 8

Days FoiowinQ Treatment

FIGURE 5. Effect of PFDA (solid columns) and pair-feeding (open columnsi on rat serum thyroxine
(T4). Each bar is the mean = SEM of five serum samples. Ad libitum controls (hatched column. d 0, n

d d 1, n = 5: d 2. n = 5). .Significantly less than pair-fed controls. p < 0.05.
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FIGURE 6. Effect of PFDA (solid columns) and pair-feeding (open columns) on rat serum triiodo-
thyronine T3). Refer to legend of Fig. 5 for details.

that regulate these physiological functions. Hypothyroid individuals
have cold extremities and are cold-sensitive (Ibbertson, 1979), probably
due to metabolic alterations that decrease the rate of heat production
(Mazzaferri, 1980). The thyroid hormones are reported to influence
thermogenesis through an action on ATPase-mediated active sodium
transport (Edelman and Ismail-Beigi, 1974; Himms-Hagen, 1976). In addi-
tion, thyroid status can affect cardiovascular function. Impaired myocar-
dial contractility (Buccino et al., 1967) and bradycardia (Mazzaferri, 1980)
are common manifestations of hypothyroidism. Therefore, we felt that
many of the symptoms of PFDA treatment might involve alterations of
thyroid hormone levels. Figures 5 and 6 show that as early as 12 h after a
single dose of PFDA serum levels of thyroxine and triiodothyronine are
significantly lower than controls. This occurs at a time when the animals
do not demonstrate any overt signs of PFDA toxicity. Following 4 d of
pair-feeding, serum T3 values were at the same level as that produced by
PFDA treatment; however, serum T4 levels in PFDA-treated rats were
significantly lower than in those pair-fed throughout the study. These
data indicate that the depression of thyroid hormone levels produced by
PFDA is not solely a result of starvation. It is nearly impossible to control
all of the numerous influences that can alter circulating levels of thyroid
hormones. However, since both groups of animals were handled identi-
cally, the fact that serum levels of both thyroid hormones are dramati-
cally decreased as early as 12 h following a single ip injection of PFDA
suggests that this may be an important observation in the response to
PFDA treatment. The subsequent changes in body temperature and
heart rate may be at least partly secondary to the alterations of circulat-
ing thyroid hormones. It is not clear from this study whether PFDA is
acting directly on the thyroid gland or on the pituitary gland to depress
TSH or on the hypothalamus to depress TRH. Since these data are only
preliminary, additional experiments are in progress to better define
these actions and to determine the primary site(s) of action of PFDA in
producing these effects.
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The Effects of Perfluoro-n-decanoic Acid in the Rat Heart. PILCHER, G. D., AND LANG-
LEY, A. E. (1986). Toxicol. Appl. Pharmacol. 85, 389-397. Perfluoro-n-decanoic acid
(PFDA) is a synthetic chemical resembling a 10-carbon fatty acid. Several studies have suggested
that the toxic mechanism of PFDA may involve impaired lipid metabolism and/or altered cell S
membrane function. We examined the possibility that altered cell membrane structure in the
heart might lead to changes in the functional activity of the organ. Functional characteristics
were determined in the isolated perfused rat heart by measuring the ability of the heart to re-
spond to either sympathetic nerve stimulation or infused norepinephrine. PFDA reduced the
intrinsic resting heart rate and the inotropic response to a stimulus with maximal effects occur-
ring 8 days after dosing. In addition, resting heart rate measured in vivo was found to be reduced
in PFDA-treated rats 6 to 8 days after dosing. O-Receptor binding studies conducted 8 days
after a single dose of PFDA showed that the maximum binding capacity was reduced by PFDA %
treatment without significant changes in receptor affinity. It is concluded that the reduction in
the inotropic response to catecholamines following PFDA treatment may be explained in part
by lower B-receptor density in the myocardial cell membrane. These effects may be related to
the early fall in serum thyroid hormone levels as previously reported. 01986 Academic Prea. Inc.

Perfluoro-n-decanoic acid (PFDA; nonad- ping paper (Bryce, 1964). In addition, the sur-
ecafluorodecanoic acid, CI0 Fi9 0 2H) is a factant nature of perfluorinated fatty acyl
straight-chain 10-carbon carboxylic acid with compounds allows them to be used in the
fluorine substituted for all hydrogens at the aqueous polymerization of fluorinated mo-
C-2 through C-10 carbon atoms. Straight- nomers (Griffith and Long, 1980) and in
chain perfluorocarboxylic acids 8 to 12 car- aqueous film-forming foams used in fire ex-
bons in length and structurally similar per- tinguishant mixtures (Shinoda and Nomura,
fluorinated derivatives have a broad range of 1980).
commercial application. They are used in Many perfluorinated compounds are
electroplating and in imparting water and oil chemically inert (Clarke et al.. 1973) and
resistance to fabrics, leather, and food wrap- some are reported to be persistently retained

in experimental animals for significant time

'This investigation was supported by a grant from the periods following exposure (Clarke et al..Thi inestgatonwassuportd b agrat fom he 1970). In addition, certain perfluorinated car-
Air Force Office of Scientific Research, AFOSR-82-0264. 10 n
Portions of this work were presented at the 22nd Annual boxylic acids have been found in the serum ip
Meeting ofthe Society of-Toxicology in Las Vegas, Nev.. of fluorochemical workers long after expo-
1983, and the meeting ofthe American Society for Phar- sure had been discontinued (Ubel et al..
macology and Experimental Therapeutics, Indianapolis, 1980), In that study, the authors noted that
Ind.. 1984.

Present address: Toxic Hazards Division. Biochemi- no adverse health effects were apparent
cal Toxicology Branch ARAMRL. Wright-Patterson Air among the workers though the persistent na-
Force Base (WPAFB). Ohio 45433. ture of these chemicals might result in long-
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The acute toxicity of PFDA includes hypo- ene glycol-water vehicle (1:1) and administered in a vol-

phagia with severe weight loss and delayed le- ume of I ml/kg body wt. For the initial time-course

ffality. Olson and Andersen (1983) reported study, groups of four to six rats were given a single dose

of PFDA (75 mg/kg) between 1600 and 1700 hr. then
an LD50 in male Fisher 344 rats of 64 rag/ sacrificed by decapitation 4. 6. 8. or 10 days after dosing
kg. Total hepatic fatty acid composition, as for isolated heart experiments with sympathetic nerve
well as altered organ weights including a re- stimulation. Serum was collected from these animals for

duction in heart weight, was observed follow- thyroid hormone determinations. Body weights and food
ing eand Andersen consumption were measured daily to the nearest gram.PFDA exposure (Olson Weight-matched. pair-fed controls were injected with ve-
1983). We have previously reported that hicle (I ml/kg) and given the amount of food consumed ,t

PFDA reduces resting heart rate, body tem- daily by the corresponding PFDA-treated rats. Pair-fed
perature, and serum thyroid hormones in rats controls were sacrificed 4. 6, 8, or 10 days after injection -
over a delayed time course (Langley and Pil- with vehicle: hearts were isolated and sera collected for

cher, 1985). The thyroid state can modulate thyroid hormone determinations. In addition, hearts
heart mass (Ciaraldi and Marinetti, 1977) as were isolated and sera collected from a group of control

rats allowed to feed ad libitum. Data on serum thyroid
well as cardiac adrenergic function (Gross hormone levels were previously reported (Langley and
and Lues, 1985). Based on reported observa- Pilcher, 1985).
tions that PFDA lowered resting heart rate in In the norepinephrine infusion experiment, hearts
vivo, reduced heart weight, and reduced se- were isolated from six PFDA. six pair-fed, or six control
rum thyroid hormones in rats, studies were ad lib-fed rats 8 days after dosing with PFDA (75 mg/kg)

or vehicle (1 ml/kg).initiated to further define PFDA's effects on Isolated, perfused heart experiments. Hearts were pre-
cardiac function. In the present work, the pared using a modification of the Langendorff procedure
effect of PFDA on the functional responses of (Langley and Weiner, 1980). Following decapitation.
the isolated perfused rat heart to adrenergic hearts were rapidly exposed by removal of the sternum
stimuli was investigated. The functional pa- and perfused in situ via the ascending aorta at 7 ml/min
rameters of heart rate (HR) and right ventric- with a modified Krebs/Henseleit solution containing 118r e e mM NaCI. 27.2 mm NaHCO 3 , 1 mM KH 2PO4 1.2 mM
ular pressure (RVP) were measured in re- MgSO4.4.8 mM KCI. 0.5mM EDTA. 11.1 mM Dextrose.
sponse to (1) sympathetic nerve stimulation 2.5 mm CaC12, and 0.4% w/v BSA. The oxygen tension
or (2) the direct infusion of norepinephrine and pH of the perfusion solution were maintained bs-
(NE). In addition, the effect of PFDA on the bubbling 95% 02/5% CO2 through the solution. The tem-
binding characteristics of myocardial 0-re- perature of the perfusate entering the heart was main-

tained at 32 ± 0.3C by an MGW Lauda Model T- I con-
ceptors was investigated. stant temperature bath.

In experiments which involved nerve stimulation.
both right and left stellate ganglia with intact sympathetic

METHODS postganglionic nerve fibers to the heart were carefully iso-
lated and dissected away from the surrounding tissue.

Materials. PFDA (98%) was obtained in crystalline The heart with intact sympathetic innervation was re-
form from Aldrich Chemical Company (Milwaukee. moved from the thorax and suspended via the aortic can-
Wisc.). The salts used in the Krebs-Hensleit perfusate nula. A PE-200 catheter connected to a Statham P-23 D
were purchased from Fisher Scientific. Inc. (Cincinnati. pressure transducer was inserted into the right ventricle
Ohio). Propylene glycol. bovine serum albumin, I-nor- via the pulmonary trunk for RVP measurements. In ad-
epinephrine HC1. l-isoproterenol HC. and dl-propran- dition. a three-lead electrogram recording with inte-
olol HCI were obtained from Sigma Chemical Company grated HR was obtained from three platinum electrodes
(St. Louis. Mo.). (-)-l3H]Dihydroalprenolol ([3H]DHA). placed on the surface of the isolated heart and connected
sp act 90 Ci/mmol. was purchased from New England to a Gould Ecg-Biotach amplifier unit. RVP, HR. and *

Nuclear (Boston, Mass.). the electrograms were simultaneousy recorded using a
Animals. Male Wistar rats (175-225 g) from Harlan four-channel Gould 2400S physiological recorder. The

Sprague-Dawley, Inc. (Indianapolis, Ind.) were housed postganglionic nerve bundles were carefulb, suspended
separately in a temperature-controlled room with an II- from the bipolar stimulation electrodes of a Grass Model
hr/I 3-hr light-dark cycle. The rats were fed standard lab SD-9 stimulator. Stimulation of the nerves was applied
chow (Ralston-Purina Formulab 5508) and given tap with supramaximal voltage iapproximatel 10 V). a 2.0-
water ad libitum for a period of I week prior to use. Dos- msec impulse duration, and a 0.02-msec delay. Stimula-
ing solution (75 mg PFDA/ml) was prepared in a propyl- tions were applied at various frequencies (0.2. 0.4. 0.8.
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1.0. 2.0. 4.0. and 8.0 Hz) and stimulation periods (5.0, bation buffer and allowed to dry. Filters were placed in
2.5. 1.25. 1.0. 1.0, and 1.0 min. respectively), with a IG- scintillation vials containing 4 ml of Aquasure liquid
minjtnterval between each stimulation period. scintillation cocktail (New England Nuclear. Boston.

In isolated heart experiments involving the direct infu- Mass.) and counted in a Packard PL Tn-Carb liquid scm-
sion of NE hearts were perfused and suspended from the tillation counter. Specific binding to d-adrenergic recep-
aortic cannula as described above without prior isolation tors was determined by subtracting the ['HIDHA bound
of the sympathetic nerve fibers. Infusions were carried in the presence of 10 5M propranolol (nonspecific bind-
out using a 2 I-gauge [ J-in. syringe needle connected by ing) from that in the absence of propranolol (total bind-
PE- 160 tubing to a 5-mi syringe mounted in a Harvard ing). Specific binding was approximately 60-80% of total
Apparatus compact infusion pump which maintained a ['H]DHA binding. The amount of ['H]DHA bound was

constant rate of drug infusion. Varying concentrations calculated from the specific activity of the [1H]DHA and
of NE were delivered to the heart by placing the syringe expressed as femtomoles ['HIDHA bound per milligram
needle into the rubber tubing of the perfusion system protein. The saturation binding data were analyzed by
near the aortic cannula and varying the infusion rate of the method of Scatchard (1949).
a 5 x 10' M working solution of NE from the syringe Competition binding experimentv with adrenergic ago-
pump. The working solution of NE was prepared prior nists. In order to investigate d-adrenoceptor agonist
to each experiment from a stock solution of NE (I x 10-2 binding characteristics, a protocol similar to that used by
M) stabilized with 0.2 mM sodium metabisulfite. The Kent et al. (1980) was employed. Aliquots of the cardiac
flow of the syringe pump was less than or equal to 1% of membrane preparation (100 to 200 tg protein) were in-
the total perfusion flow rate. There were 10- to 15-min cubated in a volume of 200 ul containing 50 mM Tns-
"washout" periods between each infusion period. Re- HO. pH 7.5. 10 mM Mg 12, 2 nM (-N'1HDHA. and
cordings of RVP, HR. and the electrograms were oh- varying concentrations of either isoproterenol (5 nM to
tained as described above. 50 gM) or norepinephrine (50 nM to 500 jiM). Incu-

Prestimulation parameters were recorded immedi- bations were for 10 min at 37"C. The reaction was termt-
ately prior to each stimulation or infusion period. The nated with cold buffer and filtered through Whatman
maximum-stimulated values were the peak values of GF/C filters. Filters were counted as described above. Ag-
RVP or HR noted during the stimulation or infusion pe- ont binding was quantitated by determining the per-riod. centage displacement of bound [H ]DHA at vanous con-

Cardiac membrane preparation (30,000g fraction). centrations of agonist. The percentage agonist bound
The method of Williams et al. (1977) was used to prepare versus agonist concentration was analyzed with a nonlin-
"cardiac membrane fragments" for [3H]DHA binding, ear least-squares curve-fitting procedure (Statistical
Pooled hearts were minced with scissors and homoge- Analysis Systems Institute. Carv. N.C.). using the general

nized in 10 vol of ice-cold buffer (0.25 M sucrose. 5 mm model for ligand-receptor binding described by Birdsall
Tris-HC. pH 7.4. I mm MgCI 2). using a Brinkman Poly- et al (1980). The experimental binding data were itera-
tron PCU-2 homogenizer at one-half maximal speed for tively fit using the model for one. two. or three classes of

15 sec. The homogenate was centrifuged at 480g for 10 binding sites. The model yielding the lowest value of the

min at 4C to remove cellular debris. The resulting super- mean squares of residuals provided the best fit for the

natant was centrifuged at 30,000g for 10 min at 4C. The data. The computer analysis provided estimates of the

resulting pellet was washed by resuspending in incuba- affinity state(s) and relative proportion of each binding

tion buffer (50 mM Tris-HCI, pH 7.5. and 10 mM MgCI2)

and recentrifugation at 30.000g for 10 min at 4"C. The
final pellet was resuspended in incubation buffer to yield
a protein concentration of 3 to 5 mg/ml. Protein content RESULTS
was determined by the method of Lowry et al (1951). All
centrifugation steps were performed in a Dupont Sorvall
RC-5 Superspeed refrigerated centrifuge.

['H]Dih droalprenolol binding Saturation binding The Effects ofPFDA on Cardiac Function
experiments were carried out with aliquots from the re-
suspended 30.000g pellet. The aliquots were incubated
at 37"C for 10 min in a volume of 200 tal containing 50 Isolated rat heart with svmpathetic nerve
mM Tris-HCI. pH 7.5, 10 mM MgCI 2, (-)-['H]DHA (0. 1 stimulation. A time course for cardiac effects
to 4 nM) and 100 to 200Mug of membrane protein. Dupli- of PFDA was established by isolating hearts
catesampleswererunateachconcentration of[HDHA 4. 6, 8. or 10 days after treatment. Stimula-in the presence and absence of 10 uM di-propranolol. tion of the sympathetic nerve bundles re-cold ncubtion uffe to ach smplefollwed b rapd t i n sympcrateic ohH n V
The reaction was terminated by addition of 2 ml of ice-
cold incubation buffer to each sample followed by rapid sle na nraei ohH n V
vacuum filtration through Whatman GF/C filters. The in all treatment groups. The nerve-stimulated
filters were washed with an additional 10 ml ofcold incu- increase in heart rate (AH R) was enhanced in

....... ........
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TABLE I

EFFEcr OF SYMPATHETIC NERVE STIMULATION ON HEART RATE (BEATS/MIN) IN THE ISOLATED RAT HEART

Stimulation frequency (Hz)
Days after
treatment 0.2 0.4 0.8 1.0 2.0 4.0 8.0

Ad libitum control "

n=5 S' 247±-3 262±t4 291± 12 291 ±10 317±15 342 ±11 343-_15

Pb 232±3 228 ± 6 235±5 231±5 227 ±6 236 ±6 245 ± 4

A 16±6 34±7 56 ± 13 60 ±13 89±14 106-12 98±13

PFDA

4 S 257 ±13 283± 12' 276±23 275±25 302±t 17' 318± 12' 322 ± 17
(n=4) P 204±8 224±11 214±11 209±15 206 ±7 207±5 213±10,

A 53 ±6 59 ±.7c 62±18 64±13 97 ±11' 112±8' 109_9
6 S 259±23 259 ±16 272±21 279 ±19 311 ± 19 330 ±15 322± 17

(n=6) P 205±8 200.7d 191i±6d 194±7 192+- 6d 19 1 ± 7d 191 ± 7'

A 54±20 59±16 82±19 85 ± 18 119± 18 139±17' 113= 19
8 S 202 ± 1 3 d 241 ± 16 257 ± 19 26.) ± 19 287 ± 23 301 ± 23 315 ± 19

(n=6) P 169 ± 10d 178 _ 6 d 187 ±16 18 1 ± 15d 169 _t7d 179 ± I I 17 1 ± 7d

A 33 ±7 63 -l1 70±14 82±14' 119±t16' 125±16 144±-13'
10 S 222 ± 13 236 ± 30 249 ± 26 255 ± 25 292 ± 16 305 ± 23 322 ± 23

(n=3) P 185±6 181 ±16 174±10 172 ±11 177±9 172 ±6 183±6
A 37±9 55±17 75 ±21 83±24 115±23 133±28 139±27

Pair-fed control

4 S 238±6 234±4 250±6 244±2 255±7 265 ±12 292± 15
(n=4) P 207±5 218±5 212 ±6 206±7 210 ±9 207±10 209 -7

A 31±6 16-6 37±7 39±8 46 ±14 58 ±15 83±21
6 S 237±12 242±10 257 ±16 266 ±15 289 ±15 309±13 316±14

(n=6) P 229±10 218±9 217 ±10 222-±9 220 ±10 222±12 232_10
A 8-3 25±9 41 ±8 44 ±10 69±15 87±9 87±11

8 S 250±11 258±11 262±10 265 ±9 280±10 306±9 309-12
(n=6) P 226±8 226±9 223± 10 226± 12 223 ±10 219±8 222 12

A 24±3 32±5 40±7 39±5 57±9 87± 9 87± 15 16

10 S 245 14 258 ±25 275±47 253 17 282±3 310±0 312±6
(n3) P +2324 232±12 225±29 203 ± 210 ± 21 193 ± 30 203 ± 7

A 22±18 26 ±18 50:t-22 49 ±21 72±18 117 ±30 109t12

Note. Values are means ± SE.
S = the maximum HR attained during the stimulation penod.
P = the resting (prestimulation) HR recorded immediateiv prior to the stimulation period.

'Significantly greater than pair-fed control. p < 0.05. Student's i test.
d Significantly less than pair-fed control. p < 0.05. Student's t test"

hearts from PFDA-treated rats. The increases only on Day 4 postexposure. The prestimula-
in AHR were significant at 4 days (0.4, 2.0, tion measurements of HR did not appear to
and 4.0 Hz), at 6 days (4.0 Hz), and at 8 days change significantly during the course of indi-
(0.4, 1.0, 2.0. and 8.0 Hz). These changes vidual experiments or within any treatment
were due primarily to a significant decline in group.
the intrinsic resting HR (Table I). The great- The greatest differences in nerve-stimu-
est reduction in resting HR was found 8 days lated right venticular pressure. ARVP. oc-
after PFDA treatment. The maximum nerve- curred 8 daxs after a single dose of PFD, (Ta-
stimulated HRs were enhanced by PFDA ble 2). Treatment ,%Ith PFDA resulted in
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significantly lower ARVP at the higher fre- maximum binding capacity (BmA) without
quenciesofstimulation(2.0,4.0, and 8.0 Hz), changing the affinity of the receptor for
mAing the ARVP response curve very shal- [3H]DHA. The observed shift in B... in the
low compared to controls. The ARVP at 8 Hz PFDA-treated group was statistically signifi-

was 52% less in hearts isolated from PFDA- cant compared to ad lib controls. The mean
treated rats compared to hearts isolated from B,,, values in fmol [3H]DHA bound/mg pro-
pair-fed control rats. PFDA's effect on ARVP tein (t SE) were PFDA. 139.2 t 27.1: pair- V
at 8 days postexposure was due to a decline in fed control. 178.0 ± 40.6: and control ad lib.
the maximum nerve-stimulated RVP rather 206.6 ± 16.4. The affinity of [' H]DHA for
than a change in prestimulation values of binding sites was the same in all three groups. '.
RVP. In addition. at 8 days postexposure. the The mean dissociation constants (Kd) (in nM
prestimulation RVP values were stable SE) were PFDA, 2.86 t 0.50: pair-fed con-
throughout the experimental period. trol, 2.48 ± 0.45: and control ad lib, 2.45

+ 0.39. These were similar to previously re-
The Effects of PFDA on the Responses of the ported values (Williams and Lefkowitz. 1978:

Isolated Rat Heart to Injlused Norepineph- Stiles and Lefkowitz, 198 1; Winek and
rinle Bhalla, 1979).

PFDA's effect on nerve-stimulated re- In order to evaluate PFDA's effect on 0-re-
sponses in the isolated rat hearts was greatest ceptor agonist binding properties, the kinetics
8 days after treatment. Therefore, a response of agonist displacement of a single concentra-
curve of isolated hearts to infusion of the ad- tion of bound [ 3H]DHA (2 nM) was mea-
renergic neurotransmitter norepinephrine sured is the same cardiac membrane prepara-
was generated 8 days after a single dose of tion. Either norepinephrine or isoproterenol
PFDA. Again, PFDA caused a significant re- was tested for its ability to displace [3H]DHA.
duction in resting (intrinsic) HR in the iso- In each case. a two-site binding model pro-
lated heart preparation without affecting the vided the best mathematical estimates for the
maximum HR attained at each concentra- affinity states of the $-receptor (Table 4). Oth-
tion of norepinephrine (Table 3). As a conse- ers have reported that a two-site model pro-
quence the AHR was enhanced by PFDA vides the optimum fit for d-receptor agonist
treatment especially at the higher concentra- binding in the rat heart (Kent et al.. 1980).
tions of infused norepinephrine (5, 10, 25, PFDA did not alter either the affinity con-
and 50 uM). PFDA's effect on the RVP re- stants (K's) or the relative proportion of sites
sponse to infused norepinephrine was similar for either norepinephrine or isoproterenol
to that seen in the nerve-stimulated isolated binding. The observed kinetic parameters
heart preparation (Table 2). The ARVP re- were similar to those reported by Hancock et
sponse to norepinephrine was reduced in the al. (1979) and Stiles and Lefkowitz (1981) in
PFDA-treated group at the higher concentra- rat heart.
tions of norepinephrine (5, 10, 25. 50 pM). W.'

Again this effect was due to a reduction in the
maximum RVP attained at nearly all concen- DISCUSSION
trations of infused norepinephrine. The pre-
stimulation RVP remained fairly stable We have previously reported a significant
throughout the experimental period in hearts fall in total circulating thyroid hormone lev-
from all three groups. els in sera from the rats used for the isolated

heart experiments reported herein (Langley
The Effect o/nPFDi on gi-drenergic Receptor and Pilcher. 1985). In addition to decreases in

Binding Characteristics serum thyroid hormone levels, we observed %.

A Scatchard plot of the saturation binding hypothermia and bradycardia which are
data (Fig. I) indicates that PFDA lowered the common manifestations of hypothyroidism

bI
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TABLE 2

EFFECT OF SYMPATHETIC NERVE STIMULATION ON RIGHT VENTRICULAR

PRESSURE (mm Hg) IN THE ISOLATED RAT HEART

Stimulation frequenc-, (Hz)
Days after -i

treatment 0.2 0.4 0.8 1.0 2.0 4.0 8.0

Ad libitum control

n=5 Sa 37_t2 38±t1 41±3 39_t2 43±3 46±3 47_-3
Ph 34± I 32:t±2 31 ±2 30±3 28 +±2 27"2 7 -

S 3± 1 5 ±1 10 ±1 9±2 15 ±2 19 1 20± 1

PFDA

4 S 28±3 29±5 31 ±7 31 ±_7 36 ±8 40 ±7 42 -8
(n=4) P 26±3 20±2 20±2 20 ±2 20±2 18±3 17 3

A 2_+2 9_t3 11 ±5 I1 ±5 17±5 22±6 25_7
6 S 36±2 42_t2 43±2 43±2 46±2 49_t4 46-3'

(n=6) P 29_3 31±3 31±2 29±2 30±3 31±2 31-3

A 8±2 11 ±2 13±2 15±2 16_±2 18±4 17_4
8 S 30±3 31±3 33±3 33±3 34±3 34±3 36±4

(n = 6) P 26 3 28 ± 3 29 ± 3 28 ± 3 27 ± 3 27 ± 3 26 3
.A 4_ 4 ±1 5 ±1 6±2 7_±2 7±2' 10t3'

10 S 29 4 32 ± 2 34 ± 3 35 ± 3 37 ± 3 35 ± 3 35± 2'
(n=3) P 25_4 26±3 24±4 24±4 23±4 23±4 20_2

A 4 1 8±0 10± 1 11 ± 1 14_I 12_2 15 1

Pair-fed control

4 S 36±6 37±7 41±8 43±8 43±8 48±8 51_8
(n = 4) P 29 ± 4 28 ± 4 26 ± 3 25 ± 2 24 ± 2 23 ± 2 24 2

.1 7 ±2 09±2 15±4 18±5 19±5 25_±6 27+6
6 S 36±2 37±2 41±2 43±2 45±2 52±2 56_2

(n=6) P 31±3 32±1 31±1 29±2 31±1 27±2 27±2
A1 5±2 5± 1 10±2 14±2 15± 2 23±3 29"-

8 S 35±3 36±2 38±4 38±3 41 ±4 44±4 47_4
(n=6) P 32 ± 3 32 ± 3 30 ± 3 28 ± 3 27.± 4 27 ± 4 26 3

A 4_ 4 1 8_ 9± 1 14±2 17±2 21 2
10 S 32 3 34 4 38 3 38 ± 4 42 ± 2 44 ± 2 45. 2 ,

(n = 3) P 28 3 29 ±4 29 3 28 ± 4 29 t 3 29 ± 2 28 3 3

A 4_ 5 1 9 1 10± 1 13±3 15 ±3 17-4

Note. Values are means ± SE.
S = the maximum RVP attained during the stimulation period.
P = the RVP recorded immediately prior to the stimulation period.
Significantly less than pair-fed control, p < 0.05, Student's t test.

(lbbertson, 1979; Mazzaferri, 1980). Hypo- Anexaminationofthetimecourseofmyo-
thyroidism has been shown to lower the num- cardial effects of a single dose of PFDA
ber of 0-receptors in rat hearts (McCon- showed that maximal changes in sympathetic
naughey et al., 1979; Stiles and Lefkowitz. nerve-stimulated HR and RVP occurred 8
1981) without changing the binding affinity days after treatment with PFDA. The effects
of the receptor (Stiles and Lefkowitzk. 1981). of PFDA on the responses of the isolated
In addition, the modulation of myocardial 0- heart were qualitatively similar when either
receptors by thyroid hormone is reflected in sympathetic nerve stimulation or infusion of
altered responsivity of the tissue (Brodde et norepinephrine was employed to stimulate
al., 1980). cardiac activity. These results indicate that

:-. ., 5 -. '"."
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TABLE 3

EFEc" OF INFUSED NOREPINEPHRINE ON HEART RATE (BEATS/MIN) AND RIGHT VENTRICULAR

PRESSURE (mm Hg) IN THE ISOLATED RAT HEART

Norepinephrine (x 10 - M)
Treatment

group 0.05 0.10 0.25 0.5 1.0 2.5 5.0

RVP

Control S. 39± 2 51 ± 6 49± 7 59 ± 4 62 ± 3 62 ± 5 59 ± 5
(n = 5) Pb 37 ± 1 35 ± 2 29±2 26 ± 2 25 ± 3 20 ± 4 29-t 7

.A 2 ±2 16 ±4 20 ±5 35 _±2 37 ±3 42 ±6 35 ±7
PFDA S 35 ±t 3 4 5 3 d 49 _ 2d 50 ± 2d 48 ± 3" 46 ± 3d 46± 3

(n=6) P 26 _±2d 33 +_1d 34±1 33±2 29±2 26±2 25±3
A 8±3 12±3 15±2 17+2d 19±2

d  21 ±-2d 21 t-3,
Pair-fed control S 45 ± 4 55 ± 1 57 ± 2 60 ± 3 63 ± 3 62 ± 4 62 ± 3

(n=6) P 33±3 40 ±2 39±3 36±3 36±2 31 ±3 29±3
A 11±3 16±3 18±2 24±2 27±2 32±2 33±2

HR

Control S 227±4 241 ±8 240±5 253±6 270 12 274± 15 291 21

(n=5) P 223±4 226±8 228±8 224±5 224±5 227±5 224 7
A 4±1 15±8 12±6 28±7 46±10 47±13 67±18

PFDA S 190±7 200±11 194±8 207±16 225±14 241±12 250 t10
(n=6) P 184± 8d 190 _±11 172±8 170 ± 77 d 168 6

d  16 7 ± 9d 161 ±8d

A 6±2 11±3 22±5 37±17 57±13 74 ±9' 89±9
Pair-fedcontrol S 221±7 215_6 211±6 212±8 21±8 224± 8 234±6
(n=6) P 215±4 196±7 189±6 197±7 195±6 201±4 197±7

A 6±3 18±6 22_7 15±9 27±6 23±7 37±9

Note. Values are means ± SE.
S = the maximum HR or RVP attained during the infusion penod.
p = the HR or RVP recorded immediately prior to the infusion period.
Significantly greater than pair-fed control. p < 0.05, Student's i test.
d Significantly less than pair-fed control, p < 0.05. Sudent's I test.

the effects are apparently mediated by an ac- as in vivo suggests that PFDA produces this
tion on the myocardium rather than on the effect by an action on the myocardium rather
release of norepinephrine in response to stim- than via the autonomic nerves since the iso-
ulation of the sympathetic nerves. lated heart lacks autonomic influences in the

PFDA caused the AHR and ARVP elicited resting situation. Since diastolic depolariza-
by nerve stimulation or norepinephrine infu- tion in dominant pacemaker cells of the sino-
sion in the isolated heart to deviate from con- atrial (SA) node normally controls HR (Vas-
trol values in opposite directions. It must be salle. 1982). our data suggest a PFDA-in-
emphasized that PFDA's effect on AHR was duced alteration in SA nodal function.
largely due to a reduction in intrinsic (resting) The effect of PFDA on the inotropic re- :,

HR with no significant change in maximum sponse of the isolated heart to norepineph-
HR, whereas the reduced ARVP was the re- rine was manifested in a lower ARVP due to a
suit of a lower maximum RVP. This effect of reduction in the maximum stimulated RVP.
PFDA on resting HR in vitro is similar to the This reduction was most pronounced at
effect on resting HR in vivo previously re- higher rates of nerve stimulation or at higher
ported (Langley and Pilcher, 1985). The fact infused concentrations of norepinephrine. ,4.

that PFDA reduced resting HR in vitro as well suggesting that the heart's ability to respond

*~/, .,-~~ * . 1 ~ -
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maximally was impaired by PFDA treat- TABLE4
ment. BINDING PARAMETERS OF d-ADRENERGIC RECEPTOR

- The mechanism of enhancement of con- AGONISTS ESTIMATED BY COMPETITIVE ANTAGONISM

tractility by catecholamines involves a se- OF('HJDHA BINDING

quence of events initiated by stimulation of Relative
the 0-adrenergic receptor on the surface of Treatment Affinity proportion
the myocardial cell which ultimately leads to group Site constant (A.f of site

an enhancement of intracellular Ca2  avail-
ability (Katz, 1977). Responsiveness to cate- ontl ad ib) A 666t 1
cholamines can be modulated at the mem- B 7.32 191 I0 0.44

brane-receptor level by either a change in the PFDA A 7.71 ± 2.02 ,10' 050
number of receptors and/or an alteration of B 1.50±0.41 x 0' 0.50

Pair-fed control A 3.56 = 1.25 x 10' 0.43the affinity of the receptor for an agonist. B 9.86 ! 2.49 x 10' 0.57

PFDA reduced the apparent number of $-re-
ceptors without a significant change in the IsoC1otereo 0
affinity of the receptor which may account for C 1.22 ± 0.65 x 10' 0.45

the decreased inotropic response observed PFDA A 3.49 ± 0.90x 10' 0.56
with either nerve stimulation or NE infusion. B 3.23 ± 0.99 x 10' 0.44
The decrease in in vitro HR, reduced in- Pair-fed control A 3.25 ± 0.76 x 10' 0.47

B 2.92 ± 0.55 x 10' 0.53

The estimates of K. are expressed as means ± asymptotic

120 143 standard error.

E 2$

100. 100
80 otropic response of the heart to stimulation,

and reduced number of 0-receptor binding
0sites reported herein may reflect the changes
"Q. . 2 that we observed in serum thyroid hormone

501 0 2.0 30 levels. These data tend to support our previ-
5- 0MN °M ous conclusion that some of the biological

40- changes that occur several days after PFDA

20o. 2 decreases in serum thyroid hormone levels
(Langley and Pilcher, 1985).

01 ,• ), )
0 40 8o 120 160 200 24
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The Effects of Perfluoro-n-decanoic Acid (PFDA) on Rat Heart i-Receptors. Adenylate C%-
clase. and Fatty Acid Composition. PILCHER. G. D.. GUTSHALL. D. M.. AND LANGLEY. A. E.
(1987). Toxicol Appl. Pharmacol 90, 198-205. Perfluoro-n-decanoic acid (PFDA) is a member
of a family of surfactants with numerous industrial applications. The acute toxicity of PFDA is
characterized by body wasting and delayed lethality. Recent reports have indicated that the
effects of PFDA may involve an action on the structure of biological membranes which results
in an alteration of function. In the present study we extend our work on the membrane actions
of PFDA by examining its effects on myocardial 0-adrenoceptor binding characteristics and
adenylate cyclase. Following a single injection of PFDA the apparent number of d-receptor
binding sites was reduced compared to pair-fed controls. This change in 3-receptor binding
capacity was reflected in a reduced ability of norepinephrine to activate adenylate cyclase. No ,
alterations were observed in basal adenylate cyclase activity or in the ability of NaF or guanylyl
imidodiphosphate to stimulate the enzyme. The fatty acid composition of the heart was changed,4
by PFDA treatment. Our results suggest that the toxic effects of PFDA may be due to an alter-
ation of the membrane lipid bilayer leading to changes in the functional activity of myocardial
membranes. C17 Alaem¢C P&res. inc

Perfluoro-n-decanoic acid (PFDA) or nonad- dersen, 1983: Langley and Pilcher. 1985)
ecafluorodecanoic acid is a 10 carbon bradycardia. hypothermia. and decreased cir-
straight-chain fatty acid. C 10F 190 2 H, having culating levels of thyroid hormones (Langley
complete substitution of fluorine for hydro- and Pilcher. 1985). We previously reported ',
gen in the aliphatic portion of the molecule. reduced responsiveness of isolated rat hearts
Perfluoroalkanoic acids and structurally re- to adrenergic stimulation and a decrease in
lated compounds are used widely in manu- the apparent number of ri-receptor binding A.
facturing as anti-wetting agents (Guenthner sites in hearts from PFDA-treated rats (Pil-
and Vietor. 1962) and in the treatment of fab- cher and Langley. 1986). "
ric and paper (Bryce. 1964). Several studies have indicated that PFDA

In rats a single dose of PFDA near the alters lipid metabolism, causing major shifts
LD50 has been reported to produce hypo- in hepatic fatty acid composition (Olson and

j phagia and severe weight loss (Olson and An- Andersen. 1983; George and Andersen, .
1986) as well as tissue cholesterol levels -
(George and Andersen, 1986) and significant .

' This investigation was supported bN a grant from the induction ofperoxisomal fatty acid oxidation
AirForceOfficeofScientific Research. AFOSR-82-0264. (Van Rafelghem et al.. 1985). Other reports "

Present address: Biochemical Toxicoloy Branch. have suggested that exposure to PFDA results
Toxic Hazards Division. Harr. G. Armstrong Aerospace .-
Medical Research Lahoratory. Wright Patterson Air in altered plasma membrane function either
Force Base. Daslon. OH 45433-6573. via direct cellular exposure in vitro (Rogers et ,

'To whom repnnt requests should be addressed, al.. 1982: Wigler and Shah. 1986: Levitt and
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Liss, 1986) or in red blood cells following mined by the method of Lowry ci a1(1951II. The protein

in viv'o exposure (Olson et al.. 1983). In the content of hearts from the different treatment groups was
presnt tud th efect f PDA n e bo- nlot significanths different (Pilcher. 1985).

preentstuy te efet o PF A o th b ['HIDih vdroa/prenolol (I'11IDHL) binding Saturation
*chimical transducer of 0-adrenergic recep- binding experiments were carred out with aliquots of the

tor-mediated activation of the mvocardium. resuspended lOOOg pellet using ['HIDHA as previously
*adenylate cyclase. was investigated. In addi- described (Pilcher and Langley. 1986). Specific binding

tion, p-receptor binding characteristics were was approximatelv 50", of total I3HJDHA binding. The

examined in the same fraction and correlated saturation binding data were analyzed by the method of

with changes in adenylate cyclase. PFDA-in- Sctcd*a' (vls 1949)
duced~~~Aen-lt chngsinfttccilcmostono aw Adenvlate cyclase activity
duce chagesin fttyacidcompsiton o asassased at 30'C using the method of Salomon ei al.

rat myocardium were measured. (1974). The incubation mixture contained 25 mmi Tris-
HCI. pH 7.5. 5 inm MgCl,. 20 mm creatine phosphate.
00 units creatine phosphokinase/mI. I mmt cyclic aden-

METHODS osine monophosphate (cAMPI. I mm 3-isobutvl-I-
niethvI-xanthine. 2 mmt DTT. 0.5 mmi EGTA. 0.02%

MaleWisar atsweihin 175225g wre btaned ascorbic acid. 20 m guancsine triphosphate IGIP). and
MaleWisar atsweihin 175225g wre btaned I mmt adenosine tniphosphate (ATPI containing at least

from Harlan Sprague- Dawle'.. Inc. (Indianapolis. IN). 1-2 aCi [,-'2P)ATP in a total %olume of 100 al. When
Rats were housed separately on wood chip bedding in a the nonhvdrolszable GTP analog guanvlvi imidlodiphos-
temperat ure-con trolled room (22.8 t 2.7*l with an I I - paelpN a nlddi h nuainmx
hr/ I 3-hr light/dark cycle. The rats were fed a standard pae(pNp a nlddi h nuainmx

ture, IOmM GppNHp was substituted for GTP. Varsingrat chow. Ralston Punna Form ulab No. 5508. and given concentrations of norepinephnne or 10 mmt NaF w'ere
tap ate ad/ibtwn nti thy wre ued.tspcalv ~ tested for their ability to stimulate adenslate cvclase. The

days after amsal poeueue o.cluaeezm cii a eIn all experiments. PFDA treatment consisted of ip ad- prcdeusdtcauleenyeatiiwsd-
ministration o1 75 mg/mI dissolved in a propxlene gl - scie-vSlmn(99. nseat% a x

col-water (1:1) sehicle delivered in a volume of I ml/ pressed as picomolescAMP formed per 10minpermilli-
kg body w-t. a dose near the reported LD50 (Olson and grmpoen
Andersen. 1983). Weight-matched pair-fed controls were Thermodi-namnic analvis (it basal aden i/ate cticlase
given the same .ehicle in a solume of I mI/kg hod' wl aclivitr The temperature dependence of adenylate cy-
and then pair-fed to the dails food consumption record clase was examined using the method o f Chatelain et al
of the appropriate PFDA-tre'ated animals. In all expert- ( 1982). N 250-mI aliquot of adenylate c)-clase incubation
ments. rats were gisecn a single dose of PFDAN or vehicle medium (described abovre) was allowed to equilibrate at
and killed 7 or 8 da~s after injectlion for collection of the appropriate temperature for I min and the reaction
heart tissue. No animals died during this interval.A.d/ihi- was initiated bN the addition of 50 oil of the heart homog-
turn controls were untreated and allowed ito eat and drink enate idiquots of 50 al were removed from the mixture
ad Iiium after 2. 4.60. K. and 10 min and rapidly placed in tubes

3-Receptor binding and aden~late c),clase actismts containing l() l of 2' sodium dodecyl sulfate. 40 mm.
were measured in a crude heart fraction prepare6 b% the 'NTP. and I mm cNMP to stop enzy me activity. Incuba-
method of Drummond and Severson (19741I Rats were lions. were performned at 15. 20. 24. 26.5. 29. 30. 31,5.
decapitated, and their hearts were rapidl% remosed and 33. 3;. and I-C Xt temperatures of 24*C and below. 5

chilled in ice-cold homogenizing buffer I he heartis were aliquots of the incubation mixture were removed at 2. 5.
blotted, weighed. trimmed of excess connectiie tissue. 10. I5. and 2)) min following the addition of- heart ho-
minced with scissors, and homogenized in I ( %o) of fresh mogenate T he reactions were found to be linear with
homogenizing buffer at 4*C (0 25 m Sucrose, 25 mm time and a rate constant , was determined b plotting
Tris-HCI. pH 7 5. s mmt M0 2 mmt dihiothremtol en,' me .ictiiit Ipmol cAMP formed/mg proteini
)DTTI. and 0 5 mmi FG;T-sj wit,. a Brinkmnan Pol~iron against timc at each temperature The rate constants of
PC1U-2 at i maximum speed for 2)) se IThe crude ho- itidisidual expeniments Aere used for Nrrhenius plots
mogenate was passed through 4-pls cheesecloth to re- (Daniels and \lberi . Ilj'5 To determine discontmnu-
move additional conneshive issue and then centitluged itmes. Nrrheniux plots were anal\ ted using a two-segment

at l(XXOg IS1 min at 4*( The resulting pellet was line model a~ descried b% Bogart? 1968). Linear regres-
washed twice b\ resuspending in the original %olume of Mjon analsex %sere perflormed on each line segment to
homogenizing buffer and recentrifuged at l)Iit The obtain a total sum of- squared dcx ations for both seg-
final pellet was resuspended in Mi %o) of incubation ments. The two-segment line model which %iclded the
buffer (25 mst Iris-HC]. PH1 7 . ontaining s mml minimum totail sum o) squared desiatmons prosided the

*MgCI,. 2 inm DrT. and 0) insmm F(,T \) smeldinga pro- optimum -it" or the data. In each treatment group. a
tein concentration of", to 10) mg ml Proteins wxere deter- two-segment line mod el prosided a significantl% better
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40- oL10 phate, sp act 15-30 Ci/mmol. was obtained from ICN

35- a , radioisotope division (Irvine. CA). Organic solvents were

~ r 20Purchased from Fisher Scientific (Cincinnati, OH) and
30- 0each solvent was distilled in glass prior to use. Boron in-

6L- 25- 3.2 0 . fluoride in methanol, fatty acid methyl ester referenceD- W mixtures, AOCS rapeseed oil, and polyunsaturated fatty
20- o acid No. 2 were purchased from Supelco, Inc. (Belle-

fonte, PA). All other chemicals were obtained in high pu-15. rity from Sigma Chemical Co. (St. Louis. MO).
o 10Statistical analyses. Comparisons between the mean

values of two treatment groups were made using the Stu-
5 dent t test at a significance level of p < 0.05. Multiple

o comparisons between treatment means were analyzed by
0 10 20 30 40 50 60 70 one-way ANOVA and Duncan's multiple range test at a
3H DNA Bound (emitomolies/mg protein) significance level of p < 0.05. Tests were performed using

FIG. I. Saturation binding isotherm with Scatchard
plot of [3H]DHA binding from PFDA (0), n = 4, and *

pair-fed (0), n = 4. rat hearts. Saturation binding was4

determined over the range of [3HJDHA concentrations
from 0.2 to 4 nM. The lines for PFDA (r = 0.98) and pair- 3

fed control (r = 0.99) in the Scatchard plot were deter-
mined by linear regression analysis. Differences between 2

PFDA-treated and pair-fed control groups were deter-
mined using Student's t test, p < 0.05. . %

32 33 34 35

4 "

"fit" than a single straight line. The energies of activation
(E,'s) for adenylate cyclase were derived from the slope a
of each line segment using the Arrhenius equation. 5,

Analysis ofmyocardial fatty acid composition. In a sep- 2

arate experiment, rats were injected with PFDA (75 mg/
kg) or pair-fed as described above. Rats were killed 7 days I
after dosing, and hearts were removed, chilled in ice-cold 32 33 34 35

saline, blotted, weighed, and homogenized in 30 ml chlo-
roform:methanol (2:1). Lipids were extracted by the 4
method of Folch et al. (1957). The extraction solvents
contained 0.05% butylated hydroxytoluene (BHT) to in- 3

hibit autooxidation. An aliquot of the total lipid extract .

was transesterified using BF)-methanol by the method of
Morrison and Smith (1964) to obtain fatty acid methyl
esters (FAME). Samples were analyzed on a Varian 3700
gas chromatograph equipped with a 25 m X 0.25 mm 32 33 34 35 S'

i.d. fused silica BP- 15 capillary column (Scientific Glass 106 T ,veature (K-1)
Engineering, Inc.) and flame ionization detector. Analy-
ses were carried out isothermally at 195C using a split FIG. 2. Arrhenius plotsofbasal adenylatecyclaseactiv-
ratio of 78: 1. FAME peaks were identified by comparing ity. Each point represents the mean of two to four deter-
their relative retention times to those of authentic FAME minations. PFDA W0), Pair-fed (0): ad libitum control
reference mixtures. A VISTA 402 recording integrator (0). Plots were constructed according to the Arrhenius
(Varian Associates, Sunnyvale. CA) provided integrated equation. In each group a two-segment line model pro-
peak areas. Data are expressed as mean area percentage vided a significantly better fit than a straight line model.

t SE. Experiments were analyzed individually to obtain esti-
Materials PFDA (nonadecafluorodecanoic acid. 98%) mates of activation energies above (E., ) and below the

was purchased from Aldrich Chemical Co. (Milwaukee, break-point temperature (E_ 2). In addition, the break-

WI). ( -)-_ 3H]Dihydroalprenolol, sp act 33 Ci/mmol, and point temperature (arrow) was determined in individual

[a-iP]adenosine 5'-tn phosphate, sp act 90 Ci/mmol, experiments. Differences between treatment groups were
were purchased from New England Nuclear (Boston. determined using ANOVA. p < 0.05. with Duncan's
MA). The [2.8-'Hjadenosine 3,5'-cyclic monophos- multiple range test on the means.

.... .. . . (.Ja
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TABLE I pair-fed controls, 30.2 ± 0.7C and control

ENERGIES OF ACTIVATION (kcal/mol) ABOVE (E, I) ad libitum. 27.9 ±_ 1.9C. Compared with
AID BELOW (E. 2) THE PHASE TRANSITION TEMPERA- pair-fed controls PFDA did not affect the cal-
TURE culated energies of activation (E.) either

E above or below the phase transition point.
4 I E. 2 However, both the PFDA-treated and pair-

Adlibilum fed control groups exhibited significantly

control -5.02 ± 1.15 -20.46 ± 2.39 higher E.'s above the phase transition point
Pair-fedcontrol -13.57 ± 1.510 -18.91 + 2.17 compared to controls fed ad libitum (Table
PFDA -12.81 ± 3.11" -15.50 ± 1.84 I). These data suggest that the reduction in

Significantly greater that ad 1turn control. p food consumption elevated the E, for basal

< i0.05. adenylate cyclase activity at temperatures
above the break-point temperature.

SAS (Statistical Analysis Systems. SAS Institute, Cary. The reduced number of -receptors follow-
NC) on an IBM 370 computer. ing PFDA treatment appeared to be reflected

in a decrease in 0-receptor-stimulated ade-
nylate cyclase activity. PFDA reduced the

RESULTS ability of norepinephrine (1, 10, and 100 AM)
to activate adenylate cyclase (Fig. 3). How-

Binding of[31-IIDHA ever. basal activity and activity in the pres-
ence of 10 mm sodium fluoride or the non-

A Scatchard plot of the saturation binding hydrolyzable guanine nucleotide analog
of[ 3HJDHA indicated a decrease in the maxi- guanylyl imidodiphosphate were not signifi-
mum number of binding sites with no change cantly affected by PFDA treatment (Table 2).
in affinity (Fig. I). The mean Bm,,., value for In addition, the activity of adenylate cyclase
the PFDA-treated group (36.0 ± 7.0 fmol/ in the presence of a high concentration of
mg) was significantly lower than pair-fed norepinephrine (1 mM) plus GppNHp was
controls (63.0 ± 5.8 fmol/mg) with no signifi- not significantly affected by PFDA treatment
cant change in mean Kd values (PFDA, 1.63 (Table 2).
± 0.34 riM. and pair-fed controls. 2.13
±0.46 nM). Effect of PFDA on Mvocardial Fat., Acid '

Composition
The Effect of PFDA on Adenylate Cyclase.4c-

tivity PFDA treatment caused modest but sig-
nificant changes in the total fatty acid com-

An alteration in the membrane environ- position of rat myocardium compared to
ment of adenylate cyclase might result in pair-fed controls (Table 3). Hearts from PF-
changes in the thermodynamic properties of DA-dosed rats had elevated proportions of
the enzyme or in the ability to activate the palmitic (16:0). eicosotrienoic (20:3 ,'6). and
enzyme. Adenylate cyclase activity was deter- docosahexaenoic (22:6 W3) acids of 13.7 1. and
mined in the 10OOg fraction. Basal adenylate 18%. respectively. Conversely. the proportion _
cyclase activity in preparations from both of arachidonic acid (20:4) in hearts from PF-

PFDA and pair-fed controls exhibited dis- DA-dosed rats was reduced 18% below that
continuities in their respective Arrhenius found in hearts from pair-fed controls.
plots which are near the reported phase tran-
sition temperature of the plasma membrane DISCUSSION
in rat heart, 31"C (Gordon et al.. 1978) (Fig.
2). The discontinuities which were not statis- The results of the binding experiments are
tically different were PFDA. 30.9 ± 0.1"C: similar to those previously reported in a

C-
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FIG. 3. Norepinephrine-stimulated adenylate cyclase activity. Each point represents the mean t SE.
*Significantly less than pair-fed controls, p < 0.05. Student's test. PFDA (0). n =4: pair-fed controls (0).
n =4: ad libitum controls (0), n = 5.

30,000g cardiac preparation (Pilcher and reduced (-receptor density and affinity for
Langley. 1986). PFDA significantly reduced binding of [3H]DI-A. We observed changes
the apparent number of (-receptors without in receptor density but not affinity in mem-
altering the affinity of the receptor. The ki- brane fragments from whole rat hearts. Al-
netic constants of dissociation (Kd's) derived though our results are not in complete agree-
by Scatchard analysis of [3H]DI-A binding ment with those of Wince and Rutledge
were in agreement with previously reported ( 198 1), the fact remains that altering the lipid
values (Williams and Lefkowitz. 1978. Stiles composition of different myocardial mem-
and Leflcowitz. 198 1: Winek and B3halla. branes can change the binding characteristics
1979-, Pilcher and Langley. 1986). Wince and of the (3-receptor.
Rutledge (1981) reported that alterations of Stimulation of cardiac (3-receptors results
the fatty acid composition of rat atrial mem- in activation of adenylate cyclase and in-
branes through manipulation of dietary lipids creased cAMP formation (Sutherland et a.,

TABLE 2

ADENYLATE CYCLASE ACTIVITY (pmol cAMP FoRMED/Mg PROTEIN! 10 min)

Basal 10 mm NaF' GppNHp I mm NE + GppNHp"
(.f± SE) (X ± SE) (X i SE) (N±SE)

PFDA (n 4) 300 ±37 1029 117 225 22 870-24

(n =4) 301 ±28 1304 155 330 20 912 ±79
Control ad iuium
In =5) 267 t18 758± 54 314 32 754 t45

Activities expressed with basal acti% ity subtracted.
' GppNHp. 'tuanvlvi imidodiphosphate. 10 aim.
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TABLE 3 Fasting has been reported to alter g-receptor-
EFFECT OF PFDA ON FAITY ACID COMPOSITION mediated responses in several tissues (Dax et

OF RATMYOCADIUM'a.. 198 1. Barney et at., 19 83); however, nei-
OFAT YA iUM" d controlther study examined the thermodynamic
PFDA Pair-fed control characteristics of adenylate cyclase. Our data

Fatty acid" = may be the first to indicate that fasting influ-
16:0 13.4 t 0.41 11.9 t 0.2 ences the thermodynamic behavior of ade-
18:0 21.1 ±0.4 21.8 ±0.2 nylate cyclase. PFDA did not affect NaF- or
18:1 9.5 ± 0.4 9.7 t 0.4 GppNHp-stimulated adenylate cyclase. sug-
18:2 16.8 ± 0.5 18.3 - 0.6 gesting that neither the guanine nucleotide
20:3 w6  0.7 ± 0.1' 0.4 ± 0.1
20:4w 6  

15.0 ± 0.5d 18.3 ± 0.4 regulatory subunit nor the catalytic subunit
22:4 w6  0.6 ± 0.1 0.6 ± 0.1 ofadenylate cyclase which are components of
22:5 w6  0.6 ± 0.1 0.5 ± 0.1 the inner leaflet of the membrane bilayer was
22 :5 w3  2.4 ± 0.1 2.3 ± 0. affected by PFDA treatment. It appears that
22:6w 3  19.5 ± 0.6' 16.5 ± 0.8 the decreased responsiveness of isolated

Data shown represent mean relative percentage total hearts to sympathetic nerve stimulation or
fatty acid ± SE. norepinephrine infusion that we previously

"Fatty acids are designated by carbon chain length (C) reported (Pilcher and Langley. 1986) may be
followed by number of double bonds d). C:d. The wX due to the decreased number of 0-receptors
refers to the number of carbon atoms between the last and/or an alteration of the coupling of the re-
double bond and the terminal methyl group of the fatty ct

acid chain.ceptor component to the other subunits ofacid chain.

c Significantly greater than pair-fed control. p < 0.05. adenylate cyclase.
Student's I test. Since cellular membranes are known to be

d Significantly less than pair-fed control, p < 0.05. Stu- asymmetrical with regard to both lipid and
dent's t test. protein (Houslay and Gordon, 1983: Stubbs

and Smith, 1984), our data suggest that the
membrane-altering actions of PFDA are ap-

1965). A reduction in $-receptor density parently restricted to the outer half of the bi-
could lead to a decrease in the activation of layer. The 0-receptor (R) component of the
adenylate cyclase by catecholamines. The adenylate cyclase complex is part of the outer
PFDA-induced decrease in t-receptor num- leaflet of the membrane bilayer and appears
ber was reflected in a reduced ability of nor- to interact with the guanine nucleotide bind-
epinephrine to activate adenylate cyclase. ing (G) protein which along with the catalytic
The reduction was greatest at 10 gM norepi- unit (C) is entirely contained within the inner
nephrine which is near the reported ED50 leaflet (Schramm and Selinger, 1984). Cer-
value of 5 stM for adenylate cyclase activation tain fatty acids appear to play an important
(Drummond and Severson. 1974). In the role as activators of 0-receptor-mediated
preparation from PFDA-treated rats there stimulation of adeny late cyclase (Orly and
were no changes in basal activity or in the ap- Schramm, 1975). The basal enzyme activity
parent phase transition temperature or ener- and enzyme activation through stimulation
gies of activation (E) for basal adenylate cy- of the G protein (by guanine nucleotides or
clase compared to pair-fed controls. In both NaF) are reportedly influenced by changes in
PFDA and pair-fed groups an elevation in the the lipid environment of the inner but not the
E. for basal adenylate cyclase above the phase outer leaflet of the membrane bilayer (Hous-

transition temperature was observed corn- lay and Gordon. 1983). The observation that
pared to controls fed ad libitum. This effect catecholamine-stimulated adenylate cyclase
can be attributed to fasting since PFDA (75 was reduced by PFDA treatment without a
mg/kg) abolished food consumption 6 to 8 significant effect on basal-or guanine nucleo-
days after dosing (Langley and Pilcher. 1985). tide/NaF-stimulated activity suggests that the

• •I
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Abstract

The effects of thyroxine (T4) supplementation on PFDA-induced decreases

in food consumption, body weight, and body temperature were examined. A

dose-response study was carried out with 50, 100, 200 or 250 P9/kg ip doses

of T4 for seven days prior to PFDA administration, and daily dosing with T.

was continued for an additional 30 days. From this study a T4 dose of 200

pg/kg was chosen and subsequent experiments were conducted with this dose.

Supplementation with 200 yg/kS T4 daily alleviated the hypophagia but not

the severe weight loss and hypothermia produced by PFDA treatment. Our

results suggest that some component of the thyroid axis plays a role in

feeding behavior. In addition, the PFDA-induced wasting syndrome and

hypothermia appear to be unrelated to changes in serum thyroid hormones.

The unexpected observation that severe weight loss occurred in the presence

of essentially normal food intake suggests that PFDA alters basic cellular

metabolic processes.
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INTRODUCTION

Perfluoro-n-decanoic acid (PFDA) is a member of a family of

perfluorinated carboxylic acids that have found widespread commercial

applications as lubricants, surfactants, wetting agents, corrosion

inhibitors, and gloss enhancers of commercial aqueous emulsion type floor

waxes (Bryce, 1964). Perfluorinated fatty acid surfactants have also been

used to impart oil and water repellancy to cloth, leather and paper. They

are found in aqueous film-forming foam fire extinguishants (Shinoda and

Nomura, 1980).

Toxicity from PFDA exposure has been studied in laboratory animals. In

rats a single dose of PFDA has been reported to produce hypophagia and

severe weight loss (Olson and Andersen, 1983, Langley and Pilcher, 1985),

bradycardia, hypothermia and decreased serum thyroid hormone levels (Langley

and Pilcher, 1985). Serum thyroxine levels were significantly lower than

*control levels as early as 12 hours after a single 75 mg/kg dose of PFDA,

and were maximally reduced within 48 hours (Langley and Pilcher, 1985). The

hypothermic and myocardial effects of PFDA appeared several days after

treatment and required approximately a week to develop fully.

The data indicate that one of the earliest observed responses to a

single injection of PFDA is an effect on the levels of thyroid hormones in

the circulation. Some of the subsequent effects may in part be secondary to

the change in thyroid hormone levels. Accordingly, we investigated the

effect of T4 supplementation on the PFDA-induced changes in body weight,

food consumption and body temperature.
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METHODS

Groups of male Wistar rats (175-225S) were obtained from Harlan

Industries and maintained in a constant-temperature environment (23.30 +

I1C) for 5 days prior to use. All rats were fed Purina Certified

Laboratory Chow # 5008 in pellet form. Unless otherwise indicated all

PFDA-treated animals received a single 75 mg/kg ip injection of PFDA in

propylene glycol-water (1:1). Animals were sacrificed by decapitation,

blood was collected in centrifuge tubes on ice, allowed to coagulate, and

centrifuged at 3000 x g for 15 min at 4°C. Serum was stored at -80*C for

thyroxine (T4 ) and triiodothyronine (T3 ) determinations.

Thyroxine Supplementation.

Experiment I.

In order to determine the effect of thyroxine supplementation and to

attempt to establish the most effective dose of thyroxine, four groups of

rats were pretreated at 8:00 a.m. daily for 7 days prior to PFDA

administration with ip injections of 50, 100, 200 or 250 Igl/kg of T 4 in

saline-1 mM MaOH.Daily T4 supplementation was continued through the day

prior to sacrifice. Body weight changes and food consumption were recorded

daily for 30 days after a 75 mg/kg ip injection of PFDA administered at 5:00

p.m. on day 0. Ten rats were used in each treatment group, a group of eight

rats received 75 mg/kg PFDA alone, and all animals were sacrificed on day

30. The criteria used to determine the effectiveness of thyroxine

supplementation were food consumption, body weight changes and apparent

protection from the lethal effects of PFDA. Four of eight rats died

following treatment with PFDA alone (one each on days 11, 13, 16 and 17).

With 50 ig/kg T4 6 of 10 rats died following PFDA treatment, (one each on

days 12, 13, 16 and 19 and two on day 14). Three of 10 rats died with 100

'0 -...........



IS/kg T4 (two on day 10 and one on day 12), 3 of 10 rats died with 250

Ig/kg T4 (one each on days 8, 10 and 19), 2 of 10 rats died with 200 u/kg

(both on day 12). The number of animals used was insufficient to clearly

establish a protective effect for any dose of thyroxine against the lethal

effects of PFDA. Although rats supplemented with 250 ug/kg T4 regained

body weight faster than the other groups 200 ug/kg T4 was chosen as the

"best" dose because it was more effective at maintaining food consumption

and fewer animals died following PFDA treatment.

Experiment II

A subsequent study was conducted to confirm the observed effects of 200

ug/kg - T4 plus 75 mg/kg PFDA and to compare these effects to those of 75

mg/kg PFDA alone and 200 ug/kg T4 alone. Twelve rats received injections

of 200 ug/kg of T4 at 8:00 a.m. each day for 7 days. On the eighth day

(designated day 0), 8 T4-pretreated rats (PFDA-T4 group) were dosed with 75

mg/kg PFDA (one animal died 12 days after PFDA), 4 T4-pretreated rats were

dosed with propylene-glycol:water (T4 group) and T4 supplementation was

continued for the duration of the study. Eight rats received a single ip

injection of 75 mg/kg PFDA (one animal died 12 days and one 13 days after

PFDA). Body weight changes and food consumption were recorded daily and

rectal body temperatures were recorded on alternate days for 14 days after

PFDA. Data were collected on four control rats two days prior to PFDA and

on day zero and day 14. Feces were collected for all animals over each 24

hour period and total dry weights determined.

All animals were sacrificed on a randomized schedule 14 days after PFDA

treatment, and blood was collected for thyroid hormone determinations.

R&dioimmunoassay. Total T4 and T3 were determined by radioimmunoassay

using assay tubes coated with antibody to T4 or T3 (Diagnostic Products. Los
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Angeles, CA). Concentrations of PFDA up to 100 Vg/ml did not interfere -

with the radioinmmunoassays for either T4 or T3'

Statistical analysis. Statistical differences in thyroid hormone

levels among groups were determined using analysis of variance (ANOVA). V

Duncan's multiple range test was used to determine significant differences

at the 0.05 level between control rats and PFDA, PFDA-T4 , or T -treated rats.

RESULTS

A dose of 200 ug/kg of TA appeared to be the most effective at ..

preventing the hypophagia associated with 75 mg/kg PFDA-treatment (Figure

1A). Essentially no protection was seen with 50 ug/kg of T4 while doses of

100 ug/kg and 250 ug/kg of T were intermediate between 50 ug/kg and 200

ug/kg in their effects on hypophagia.

Thyroxine supplementation had a differential effect on the body weight

and food consumption patterns following treatment with 75 mg/kg PFDA. The

dose of T4 that was most effective at preventing PFDA-induced hypophagia was

relatively ineffective at preventing the severe weight loss (Figure 1B).

Figures 2A and 2B compare the effects of treatment with 200 Pg/kg TA

plus PFDA with the effect of treatment with 200 ug/kg TA alone or PFDA

alone on food consumption and body weight changes. All animals gained

weight at the same rate for the seven days prior to dosing with PFDA or

propylene glycol. PFDA treatment produced an initial rapid, then gradual,

decrease in food consumption. These results are similar to previous reports

(Olson and Andersen, 1983; Langley and Pilcher, 1985). Food consumption in

rats treated with PFDA alone was significantly less than that in PFDA-TA

treated animals from day 2 through day 12 after PFDA (Figure 2A). Body
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weight decreased dramatically reaching a cumulative loss of 80 grams (35%)

by day 10. The T -treated rats consumed relatively normal amounts of food I

and gained weight rapidly adding a total of nearly 123 gins over the 21 day

course of the study. Food consumption in PFDA-T4 rats was similar to

control rats. In spite of relatively normal food consumption, weight loss .

in the PFDA-T4 treated rats was essentially the same as that in rats treated
4..

with PFDA (Figure 2B). -

Rectal body temperatures in PFDA-treated rats were significantly lower

than in PFDA-T -treated rats at two and six days after PFDA. Body ,

temperatures were essentially the same in both groups at other time points

(Fig. 3). Rectal body temperatures were the same in all three treatment

groups but PFDA and PFDA-T animals were significantly less than control by

day 14.

Daily injections of 200 ug/kg thyroxine caused significant elevations

in serum T and T levels compared to controls (Table 1). While thyroxine
4 3

supplementation elevated the serum T4 levels in the PFDA-T4 group compared

to the PFDA group, serum T level- at day 14 in the PFDA-T4 group were still

significantly less than controls.

DISCUSSION

Supplementing rats with thyroxine (200 ug/kg daily) alleviated the

hypophagia but was ineffective at preventing the body weight loss and

hypothermia associated with PFDA treatment. The results of this study a

suggest that some component(s) of the hypothalamus-p4tuitary-thyroid axis

directly or indirectly affects feeding behavior since partial replacement of

thyroid hormone levels prevented PFDA-impaired feeding. Evidence has been

presented for a role for thyrotropic releasing hormone (TRH) in feeding

7



behavior through modulation of activity in the ventral medial nucleus of the

hypothalamus (VMH). Injections of TRH into the VMH of rats suppressed

feeding behavior (Vijayan and McCann, 1977) even in refed starved animals

(Suzuki et al., 1982). The fall in serum thyroid hormones produced by PFDA

may result in a reflex increase in release (Hirooka, et al. 1978) or

enhanced activity of TRH (Hinkle et al., 1981) in the hypothalamus leading

to suppression of feeding. These results also demonstrate that the

PFDA-induced wasting syndrome cannot be attributed entirely to hypophagia

nor to the reduction in serum thyroid hormones. Likewise, PFDA-induced

hypothermia is apparently not due to reduced serum thyroid hormones since

partial replacement of the thyroid hormones failed to prevent this response.

The dicotomy between food consumption and body weight changes in

PFDA-T4 rats is difficult to explain. There were no significant differences

in total fecal excretion between PFDA-T4 and T4 treated animals. Metabolic

substrates from the diet are normally used by the body to produce energy for

catabolic and anabolic activity and these cellular processes evolve heat

(Lehninger, 1977). In PFDA-T -treated rats dramatic weight loss occurred

and thermogenesis was reduced in spite of relatively normal amounts of

metabolic substrates from the diet. Treatment with 200 ug/kg T4 resulted

in a modest increase in food consumption and normal body weight gain over

the duration of the study. These results suggest that PFDA alters some

basic metabolic process(es) apparently resulting in a loss of body mass.

The cellular mechanism(s) of these effects remain to be determined.

Although the number of animals used in the study was relatively small,

it appears unlikely that the delayed lethality is due to a thyroid mechanism

since T supplementation failed to prevent this effect of PFDA. Finally,

the observation that serum T 4 levels were significantly decreased by PFDA-

8



treatment in the presence of T4 supplementation indicates an inability to ,

retain the administered T 4. This may be due to a change in plasma protein .

~binding or possibly increased metabolism and/or excretion. Such effects

could explain the significant reductions in circulating thyroid hormone :

levels which have been observed in PFDA-treated rats (Langley and Pilcher,

1985). Preliminary work in our laboratory suggests that PFDA displaces

125 I-T 4 from rat albumin with an affinity similar to that of cold thyroxine

(Gutshall et al, 1986).
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TABLE 1
Serum levels of total T4 and total T3 14 days after

a single i.p. injection of PFDA (75mg/kg).

TREATMENT N SERUM T4  SERUM T3

S±3M S±3M

Control 4 6.00 ± 0.6 90.1 ± 10.1

T44 7.97 ± 0 .6a 159.0 ± 1 4.2a

PFDA 6 1.94 ± 0 .4b~c 88.2 ± 11.5

PFDA-T4  7 3.75 ± .4 74.8 ± 9.4

a Significantly greater than control, p < .05.
b Significantly less than control, p < .05.
c Significantly less than PFDA-T4, P < .05.



Figure 1A. The effects of thyroxine supplementation on PFDA-induced changes

in food consumption. Each point represents the mean daily food
consumption (grams). Four groups of rats were pretreated daily
for 7 days with ip injections of 50(0, n=10), 100 (A, n=10),

200 (W, n=l0), or 250 (0, n=lO) Ug/kg of T4 before PFDA

administration (75 mg/kg) on day 0. T 4 was continued daily

until the day prior to sacrifice. PFDA (75 mg/kg, A, n=8).

Figure 1B. The effects of thyroxine supplementation on PFDA-induced changes

in body weight. Each point represents the mean body weight
change (grams) from day 0. Four groups of rats were pretreated
daily for 7 days with ip injections of 50 (0. n=10), 100 (A,

n=10), 200 (W, n=l0) or 250 (0, n=l0) ug/kg of T 4 before
PFDA administration (75 mg/kg) on day 0. T4 was continued
daily until the day prior to sacrifice. PFDA (75 mg/kg, A, n=8).

Figure 2A. The effects of PFDA (A, n=8), T4 (0, n=4) and PFDA-T4

(0, n=8) on food consumption. Each point represents the mean

daily food consumption (grams). Rats were pretreated daily for
7 days with 200 ig/kg T4 ip before PFDA administration (75mg/kg)
on day 0. T4 was continued daily through the day prior to
sacrifice. Control (U, n=4). *Significantly less than PFDA-T4 ,
P < .05.

Figure 2B. The effects of PFDA (A, n=8), T4 (0, n=4) and PFDA-T4
(0, n=8) on body weight changes. Each point represents the mean

body weight change (grams) from day 0. Rats were pretreated
daily for 7 days with 200 Ig/kg T4 ip before PFDA

administration (75mg/kg) on day 0. T4 was continued daily

through the day prior to sacrifice. Control (0, n=4).

Figure 3. The effects of PFDA (A, n=8), T4 (0, n=4) and PFDA-T4

(0, n=8) on rectal body temperature. Each point represents

the mean temperature (*C) + SEN. Rats were pretreated daily
for 7 days with 200 ug/kg T4 ip before PFDA administration (75
mg/kg) on day 0. T 4 was continued daily until the rats were

sacrificed 14 days later. Control (U, n-4). * Significantly

less than PFDA-T4 , p < .05. * Significantly less than

control, p < .05.
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